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ABSTRACT 
The objective of the current work is to investigate the volume changes that accompany 
the geo-polymerization reaction in order to evaluate the potential for using geopolymer 
as a sustainable alternative binder. Since shrinkage causes volume change, any volume 
change that occurs after the binder has stiffened will cause stresses to develop. Once the 
stress developed exceeds the strength of the material, cracks will form leading to 
reduction in the load carrying capacity. In this project, shrinkage of a user-friendly 
geopolymer made with Class F fly ash, slag, potassium silicate, and potassium hydroxide 
was studied. Slag was used at a constant rate of 5% (by mass) of the total mixture. The 
SiO2 to Al2O3 ratio was kept constant at 3.6, the K2O to SiO2 ratio varied between 0.9 - 
2.4 for molarity variations between 4 and 10. The water to solids ratio was kept constant 
at 0.35. Autogenous shrinkage of mixtures were investigated by performing tests using 
corrugated tubes and by studying the volume change of prisms which were sealed using 
aluminum tapes and placing in Ziploc bags. In addition, an attempt was made to quantify 
drying and chemical shrinkage of geopolymer mixtures. Proctor penetration tests were 
performed on each of the mixtures to identify the start time of the corrugated tube test. 
Cubes of size 1 in. by 1 in. by 1 in. were cast in order to measure the compressive strength. 
Isothermal calorimetry was performed to study the heat evolution that accompanies the 
reaction process. It was observed that the initial rate of heat evolution was higher for 
geopolymers made with activator solutions of lower molarities than that of the ones made 
with higher molarities. Furthermore, geopolymers made with activator solutions of 
ii 
 
higher molarity showed lower autogenous shrinkage than the ones made with lower 
molarities. The chemical shrinkage results were not very conclusive and need to be 
repeated in order to have confidence on the results. The compressive strength was higher 
for lower molarities initially. However, the rate of strength gain decreased later ages. At 
28 days, the geopolymers made with higher molarity activator solutions showed higher 
strength than the ones made with lower molarities. 
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1 OBJECTIVE AND MOTIVATION 
The fairly recent need to come up with a sustainable alternative to the ordinary Portland 
cement concrete led to the development of a new class of materials called Geopolymers 
which was named by Davidovits. In order to form geopolymers, solid aluminosilicates 
are mixed in a solution containing high concentrations of either alkali hydroxides or alkali 
silicate solution or a mixture of both. The production of cement is accompanied by a 
significant amount of CO2 production [1] and hence, ways to reduce the consumption of 
cement were investigated. The use of fly as a source of aluminosilicates in order to 
produce geopolymers started as early as 1993 and now, most of the research that is 
application oriented is using fly ash mainly because it provides a way for disposing off 
the millions of tonnes of fly ash being produced by the thermal power plants [2]. There 
are many factors which are inhibiting the use of geopolymers extensively in the field. The 
commonly used geopolymer systems which have a SiO2 to Na2O less than 1.45 should 
be handled with proper protective gear [3].  The research involving practical applications 
of geopolymer has been fairly recent and a lot more insight into the material system needs 
to be gained before it can be used extensively in the field. Characterization of the source 
material in order to achieve a consistency in the geopolymer being produced needs to be 
attained. It has been reported that this material shows mechanical properties similar to 
or better than cement paste [1,4]. It is reported that geopolymers have a high thermal 
stability and show low shrinkage at high temperatures and hence, they are used as 
refractory materials. But recent study by Yong Chu Zheng [4] shows that the early age 
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shrinkage for geopolymers is significantly higher than cement paste system. Shrinkage 
when in the plastic stage is not detrimental to the strength gain of the geopolymer but 
when occurs in a system that has achieved a certain degree of rigidity will cause stresses 
to develop and thus causing cracking. For the current study, a mixture of fly ash and slag 
is used as precursor and the activator solution is made up of potassium silicate and 
potassium hydroxide. Geopolymer was prepared by mixing precursors with the activator 
solution.  
The main objectives of this research is to quantify the early age shrinkage of fly ash based 
geopolymer in a sealed condition and compare it with cement pastes of same water to 
solids ratio. Chapter 2 gives an overview of literature regarding shrinkage and its types, 
process of geopolymerization, shrinkage in cement pastes, strength development of 
geopolymers, chemical shrinkage of alkali activated slag and cement pastes, and 
isothermal calorimetry on geopolymer systems.  
Chapter 3 discusses the materials and methodology being used. Experiments were 
focused on characterizing the setting and volume change of geopolymer in sealed 
conditions. Drying shrinkage was measured after the point where the shrinkage 
stabilized for samples in sealed conditions. An effort was made to quantify the chemical 
shrinkage as well. The results are presented in Chapter 4. Summary, conclusion and 
future work are presented in Chapter 5. A complete list of references are provided in the 
end.  
  
2 
 
2 LITERATURE REVIEW  
2.1 GEOPOLYMERISATION PROCESS  
Solid aluminosilicates also known as precursors react with an activator solution which is 
usually made up of alkali hydroxide and alkali silicates and produce a synthetic three 
dimensional alkali aluminosilicate framework generically called as a geopolymer [1]. 
These materials show performance comparable to the traditional cements and since they 
use the by-products produced in the industry, they are also environmentally friendly [5]. 
These semi-crystalline alumino-silicate structures can be either of the form Poly(sialate) 
type (-Si-O-Al-O-) or of the Poly(sialate-siloxo) type (-Si-O-Al-O-Si-O-) [1]. 
The general model for the activation of geopolymers can be shown in Figure 2.1 [6]. This 
is a highly simplified reaction mechanism, although the reaction mechanism is shown in 
a linear manner, most of the processes occur simultaneously. The dissolution of the solid 
aluminosilicate by hydrolysis of the alkali results in the aluminate and the silicate ions. 
A simplistic model of surface dissolution is assumed and thus, after the dissolution of the 
aluminate and silicate species they are incorporated into the solution. After equilibrium 
with respect to the ions are reached in the solution, the gelation starts and this process 
releases the water that was initially consumed for the hydrolysis of alkali. Water, thus, 
acts as a medium of reaction. The process of gelation continues and the structures 
rearrange and reorganize. The alkali cations that are present act as catalysts [6] and the 
optimum properties are obtained when the cations can act as charge balancing ions for 
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the negatively charged Al tetrahedra (Al replaces Si in the SiO2 tetrahedra). The alkali 
cations should not be present in excess, in order to avoid the formation of carbonates.  
The size of the cations also affects crystal structure, Na+ which has a smaller size than K+ 
shows a stronger bond with smaller silicate oligomer (such as monomers). The larger size 
of K+ has a stronger affinity towards formation of larger silicate oligomers with which 
Al(OH)4- prefers to bind. Thus, the geopolymers formed using KOH as activator results 
in   earlier setting and offers better strength characteristics as compared to those activated 
with NaOH solution.  
 
Figure 2.1: Geopolymerisation reaction in a simplified form [6]. 
2.2 SHRINKAGE, TYPES AND DIFFERENCES  
Shrinkage can be defined as reduction in volume of the material due to either drying or 
the chemical reactions taking place in the system. Shrinkage can be classified as early and 
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later age. Early age shrinkage can be defined as shrinkage that takes place within a few 
days of casting, whereas later age shrinkage can be defined as a more long term shrinkage 
[7]. These can be further classified into autogenous, drying and chemical shrinkage. 
Figure 2.2 shows the classification of shrinkage in the cement systems [7].  
 
Figure 2.2: The classification of shrinkage in cement systems [7]. 
2.3 SHRINKAGE IN CEMENT SYSTEMS  
Shrinkage in cement systems is extensively studied and this section gives an overview of 
the various mechanisms that govern the different kinds of shrinkage.  
2.3.1 Autogenous Shrinkage  
Autogenous shrinkage can be defined as the macroscopic change in volume that occurs 
when there is no moisture loss to the external environment. While chemical shrinkage 
need not manifest itself as an external volume change, autogenous shrinkage does and 
hence, it is possible to quantify the autogenous shrinkage by measuring the change in the 
linear dimension of a prism [7].  
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Autogenous shrinkage can be said to occur in three different stages:  
1. Liquid stage – as soon as it is mixed, this leads to shrinkage due to the reduced 
volume of the products as compared to the reactants and this can be said to be 
equal to that of chemical shrinkage.  
2. Skeleton formation stage – at this stage, there is a combination of self dessication 
and chemical shrinkage that causes the shrinkage. Self-dessication can be defined 
as localized drying in the specimen as soon as it starts hydrating and capillaries 
start forming [7], this leads to a formation of air-water meniscus which reduces the 
RH [8]. As soon as the pores form, the water moves from the smaller pores to the 
larger pores and this will lead to the water meniscus to be further pulled towards 
the pore.  
3. Hardened Stage – At the hardened stage, the autogenous shrinkage is only due to 
the self-dessication and chemical shrinkage does not contribute to this. As the 
diameters of the pores decreases, the water in the capillary pores have a higher 
radius of curvature, causing them to develop higher tensile stresses which leads 
to higher autogenous shrinkage in the specimen [7].  
Figure 2.3 shows chemical shrinkage to continue to take place even after the cement paste 
has hardened and hence will not contribute to the autogenous shrinkage [9]. 
Figure 2.4 is the results obtained for autogenous shrinkage for various water to cement 
ratios [10] with increase in water to cement ratio¸there was an decrease in autogenous 
shrinkage reported.  
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 Figure 2.3: Difference in the measured chemical shrinkage and autogenous shrinkage 
value [9]. 
  
Figure 2.4: Autogenous shrinkage for various water to cement ratios [10]. 
7 
 
It is proposed that autogenous shrinkage follows either of these mechanisms – chemical 
shrinkage and self- dessication, capillary tension or disjoining pressure [8].  
2.3.2 Drying Shrinkage  
Drying shrinkage can be defined as the change in volume of the specimen when there is 
loss of water from the capillary pores. This loss of moisture causes the tension in the 
capillary pores to increase and this causes the volume change in the specimen. Figure 2.5 
shows a representation of the influence of drying after the specimen has initially been 
cured in a sealed condition. But when the relative humidity around the specimen reduces, 
it causes drying conditions which results in a change in the volume.   
 
Figure 2.5:  Schematic of the comparison between autogenous shrinkage and drying 
shrinkage values [10]. 
In order to understand the reasoning behind the volume change during drying, it is 
essential to understand the mechanism of drying. In a study by Scherer [11] the stages of 
drying in a gel is explained. It is considered that initially the gel is saturated and hence 
there is a flat meniscus in the pores. When there is a reduction in the relative humidity, 
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drying starts to take place and solid starts to get exposed to air. In his study, Scherer 
reports that the solid/vapor interface has a higher energy as compared to the solid/liquid 
interface and hence, water moves to cover the solid. As water moves to cover the solid, 
the tensile stresses develop and this causes stresses on the gel which result in shrinkage. 
This condition when the liquid is in tensile stress and hence applies a compressive stress 
on the pore wall of the solid is when the evaporation occurs freely and is known as the 
constant rate period, this can be seen from Figure 2.6. As the moisture content in the gel 
reduces, the radius of the meniscus being developed decreases and as the drying 
continues, the radius of the meniscus keeps reducing until it reaches its minimum value 
that is the radius of the pore. Figure 2.7 indicates the period when the menisci start 
forming and Figure 2.8 indicates the period when the radius of the menisci tends towards 
that of the radius of the pore.  
 
Figure 2.6: First stage of drying in a gel [12]. 
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 Figure 2.7: Second stage of drying when the menisci start to form [12]. 
 
Figure 2.8: Schematic representation of the formation of menisci with a radius close to 
that of the pore [11]. 
2.3.2.1 Drying Shrinkage in AAS  
In alkali activated systems it is thought that there is an increase in drying shrinkage as 
compared to that of OPC just because the pore sizes are comparatively smaller and that 
leads to higher capillary tension [12] and [13] .  
In a study by Atiş et al., [14]  mortars of the AAS were made with different activators 
(sodium hydroxide and sodium carbonate) and they were subject to drying environment. 
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It was reported that the specimens which were activated using sodium hydroxide 
displayed higher drying shrinkage as compared to the specimens which were activated 
using sodium carbonate.  
In another study by Aydin et al., [15] on activation of slag with different SiO2 to Na2O 
ratios and different curing regimes such as autoclaving, steam curing and ambient 
temperature curing on shrinkage was studied. Figure 2.8 shows the effect of different 
curing regimes on shrinkage of both AAS (6% Na2O and modulus of the activator 
solution, SiO2/Na2O, Ms = 1.2) and cement mortars. It can be seen that the curing at 
standard conditions gives the highest shrinkage values and it was also seen that the 
increasing silica content increased the shrinkage. Similar results after heat curing are seen 
by Bakharev et al. [16] on AAS concrete.  
The shrinkage characteristics of AAS concrete at low humidities are reported by Frank 
Collins et al. [17]. The samples exposed to 70% RH showed similar shrinkage 
characteristics as OPC. Samples which were exposed to 50 and 33% RH showed 2.3 and 
3.0 times the shrinkage of OPC, respectively. 
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 Figure 2.9: Comparison of shrinkage when different curing methods are used for AAS 
with that of cement paste [15]. 
2.3.2.2 Drying Shrinkage in Geopolymer Systems 
The increase in SiO2/Na2O ratio increases the degree of polymerisation, the lower silicate 
concentration in the solution encourages the rapid formation of an initial alkaline 
aluminosilciate gel. . The higher concentration of silica in the solution decreases the 
alkalinity in the system and causes the formation of silica chains (Si-O-Si) rather than 
silica networks [4]. The lower silica content causes a higher degree of structural re-
organisation as an unstable gel is formed. This causes a lot of densification before 
hardening, hence water is trapped in the geopolymer. Therefore the shrinkage in 
geopolymers with lower SiO2/Na2O is lower due to the expulsion of water. At higher 
ratio, there is a network of Si-O-Si and silica tetrahedra which form instead of a 
12 
 
aluminosilicate polymer, less densification takes place initially. The re-organization of 
the gel takes place at a later stage and hence causes higher shrinkage 
Figure 2.9 s0hows the shrinkage measurements taken for various SiO2/Na2O ratios. All 
samples were observed to shrink rapidly during the early stages and plateau was attained 
at around 50 days. The samples with SiO2/Na2O ratios of 1.0, 0.5 and 2.0 are reported to 
display almost the same trend at later ages and sample with ratio of 0 displayed the least 
shrinkage followed by the sample with a ratio of 1.5. The SEM images were observed to 
indicate a better developed microstructure and lesser unreacted fly ash for samples with 
SiO2/Na2O ratio of 1.5, this helps in explaining the lower shrinkage. It is also reported 
that there is optimum silica content below and above which the reorganization of 
polymers does not result in high densification, this also aids in explaining the lower 
shrinkage value at the ratio 1.5 [3].  
 
 
Figure 2.10: Shrinkage of geopolymers made from fly ash, slag blend with varying silica 
content [4]. 
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KOH and NaOH are the two alkali activators generally used. KOH has a lower viscosity 
as compared to NaOH and makes it easier to work with. The samples with a combination 
of Na-K (50-50) as activator proved to have the lowest shrinkage. This was attributed to 
the fact that they also have the highest strength at 7 days. Samples with K as activators 
showed the highest shrinkage [4]. 
The samples were made at constant SiO2/Na2O ratio of 1.5 and slag content of 40%. The 
shrinkage measurements were started after removing the samples from bags after 1-7 
days. The longer the sample stayed in the sealed condition, the lesser the shrinkage it 
exhibited. It is reported that the shrinkage when inside the bag is minimal and all the 
samples exhibited almost equal shrinkage. The knee point increased to a later day as the 
number of bagging days increased [4]. The capillary pressure that results from the 
evaporation of water is expected to lead to shrinkage. If the sample has a better developed 
microstructure, it will be able to withstand the contraction and will result in lower 
shrinkage. It is also reported with increase in water to binder ratio, the shrinkage of 
geopolymers increased and there is a direct relationship between the two. Since 
geopolymerization is a condensation reaction, water is trapped in the pores of the 
material, if the pore structure is not well developed, shrinkage observed will be higher 
and the compressive strength also decreases [5, 20]. It was also seen that the curing 
temperature affects the shrinkage of geopolymers in the same way it affects AAS that is 
with increase in the temperature it is cured at, there is a significant reduction in the 
shrinkage. 
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2.3.3 Chemical shrinkage 
Chemical shrinkage can be defined as the difference between the volume of the reactants 
and the products. Usually, the set up shown in Figure 2.11 is used to quantify the 
chemical shrinkage. This setup is placed in a water bath to ensure similar temperature 
environments. 
2.3.3.1 Chemical Shrinkage in Cement Pastes  
For cement pastes the theoretical chemical shrinkage when there is 100% hydration is 
reported to be around 10ml per 100 g of cement, although experimentally, it was found 
to vary a little based on the thickness of the cement paste in the vial and varied between 
6 and 8 % volume reduction [18]. In another experiment performed by Yodsudjai and 
Wang [19] the chemical shrinkage for Type 1 cement was found to be around 0.05 cm3/g 
of cement. It was also seen by Justnes et al [20] that the initial water to cement ratio when 
varied between 0.3 and 0.5 over a 48 hour period did not cause a lot of change in the 
chemical shrinkage that was measured.  In general it is expected that the chemical 
shrinkage of cement pastes vary between 0.05 ml/gcement and 0.064  ml/gcement. 
There have been studies which indicated that the thickness of the paste does not cause a 
drastic change in the measured chemical shrinkage [18] while there have been others 
which show that there is a clear effect of the thickness which affects the percolation of 
water through the pores [21] .  
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 Figure 2.11: Schematic representation of the chemical shrinkage measurement [19]. 
 
Figure 2.12: Variation in chemical Shrinkage with thickness of cement paste [21]. 
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 Figure 2.13: Variation in the chemical shrinkage measured with different types of 
cement [19]. 
2.3.3.2 Chemical Shrinkage in AAS   
The hydration products formed by AAS include C-S-H, hydrotalcite, hydrogarnet, AFm 
phases and ettringite. Considering this, Chen et al. [22] calculated the chemical shrinkage 
to be between 11.5 ml/100 gslag and 13.7 ml/100 gslag. In another study by Thomas et al. 
[23] the chemical shrinkage has been calculated to be between 10.7 ml/100 gslag and 13.9 
ml/100 gslag.  
In a comprehensive study on the chemical shrinkage in AAS and effect of silica, the 
activator solution without any silica and the effect of thickness of the paste on chemical 
shrinkage done by Cartwright et al. [21] is summarized below. Table 2.1 gives the mix 
characteristics for each of the mix used for the chemical shrinkage experiments. Buoyancy 
method was used to quantify the shrinkage, selective dissolution techniques were used 
in order determine the degree of hydration.  Figure 2.14 shows the results of the study 
but this was not close to the theoretical values expected from the literature and it was 
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attributed to the finer porosity of the AAS. In order to overcome this, smaller thicknesses 
were used and the tests were rerun, the shrinkage recorded was much higher than the 
theoretical shrinkage at 100% hydration and these results can be seen in Figure 2.15. The 
degree of hydration for the specimens varied between 12 - 14% for AAS1, AAS2, AAS2 
thinner specimen and AAS3, whereas AAS4 showed a degree of hydration close to 
24.47%.  
Table 2.1: Mix characteristics for the study performed by Cartwright et al. [21]. 
 
 
Figure 2.14: Measured chemical shrinkage of different mixes [21]. 
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 Figure 2.15: Influence of the thickness of the specimen on the chemical shrinkage 
measured [21]. 
2.4 ISOTHERMAL CALORIMETRY  
Isothermal calorimetry is very useful in monitoring the thermal activity of various 
chemical processes and this information can be very useful in studying the hydration 
processes in cement pastes or even geopolymers. It has been used extensively in order to 
study the hydration of cement pastes and there have been studies on formation of 
geopolymers. In a recent study conducted by Chithiraputhiran et al., [24] various blends 
of slag, fly ash mixture and slag, cement mixture at different molarities and external silica 
contents are studied using isothermal calorimetry. From Figure 2.14 it can be seen that 
with increase in Ms, the initial peak that is attributed to the dissolution is higher. This is 
attributed to the higher [SiO4]- ions in the solution, but it has been argued by Palomo et 
al., [25] that with increase in molarity of the activator solution, the Q number increases 
and the higher polymerization of the silicates inhibits the polymerization reaction 
occurring in the system thus, increasing the setting time. The opposite has been 
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concluded by Chithiraputhiran et al. [24].  In another study by Shi et al., [26] the early 
hydration of slag and the influence of different activators on the total heat evolved is 
measured. It is seen that the total heat of hydration depends on the type of the activator 
as well as the composition of slag.   
 
Figure 2.16: Isothermal calorimetry performed on 70-30% blend of fly ash and slag 
blend [24]. 
  
20 
 
3 MATERIALS AND METHODS 
This chapter gives a detailed explanation of the methodology used to achieve the 
objectives set earlier in this thesis.  
3.1 MATERIALS 
The precursors or the sources of aluminosilicates are Class F fly ash and slag. Class F fly 
ash is a low calcium aluminosilicates which is a byproduct of the thermal power plant 
industry and it was provided by Boral Material Technologies, the oxide composition of 
fly ash can be seen in Table 3.1. Slag is a byproduct from the Iron industry and it has 
relatively high amounts of calcium as compared to the fly ash being used, it was obtained 
from Lafarge. The oxide composition of slag can be seen in Table 3.2. 
Table 3.1: Oxide composition of fly ash. 
Fly ash Composition 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O 
59.08 22.43 8.39 1.59 1.06 0.2 0.64 2.18 
 
Table 3.2: Oxide composition of slag. 
Slag Composition 
SiO2 Al2O3 CaO Na2O K2O MgO Fe2O3 SO3 
35.7 11.21 39.4 0.26 0.48 10.74 0.42 2.58 
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Slag was used at a constant rate of 5% by mass of the total mixtures. The molarities of the 
mixes varied between 4 and 10. The molarities were varied by changing the mass of 
potassium hydroxide being added to make the activator solution and this changed the 
SiO2 to K2O ratios of the mixes. Other mix proportions such as water to solids ratio and 
the SiO2 to Al2O3 molar ratio are kept constant at 0.35 and 3.60 respectively. The activator 
solution was made by mixing potassium hydroxide and potassium silicate. Potassium 
silicate was manufactured by Pfaltz and Bauer and procured from Fischer Scientific, it 
had a composition as follows: water – 71%, potassium hydroxide – 8% and silicate 
percentage of 21%. The total solid content of potassium silicate is around 29%. The water 
to solids ratio is calculated by including the mass of water added and the water 
contributed by the externally added potassium silicate. 
In order to prepare the activator solution, Potassium hydroxide pellets were added to the 
mixing water and kept in a temperature controlled atmosphere at 22ºC for a minimum of 
8 hours and then the potassium silicate was added to the mixture to bring the activator 
solution to the desired moduli. Table 3.3 provides information about the different mixes 
and molar ratios of the mixes.  
For cement pastes, Type I cement obtained from Continental Cement was used with a 
water to cement ratio of 0.35. 
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Table 3.3: Molar ratios used for the different mixes. 
Mix M4 M6 M8 M10 
Molarity 4.00 6.00 8.00 10.00 
SiO2/Al2O3 3.60 3.60 3.60 3.60 
Water to solids 0.35 0.35 0.35 0.35 
SiO2/K2O 1.07 0.70 0.50 0.41 
3.2 MIXING PROCEDURE  
In order to synthesize the geopolymer, the precursors, fly ash and slag, were mixed in a 
Hobart mixer at a speed of 60 RPM before the activator solution was added. After the 
activator solution was added, the mixture was mixed at 60 RPM for 2 minutes. During 
the next 1 minute, the mixture was remixed with spatula in order to ensure uniformity 
and rested. At the end of the rest period, the mixture was remixed at 124 RPM for 3 
minutes. 
It was previously found that shear rate and temperature affects the properties of the 
geopolymer formed and hence, all the materials were stored in 22ºC and the same amount 
of material (1400g) was mixed every single time except for proctor test, where 2000 g of 
material was mixed. 
3.3 PROCTOR PENETRATION  
In order to determine the time of start for the corrugated tube tests proctor penetration 
resistance tests were performed on the geopolymer paste samples. ASTM C403 was 
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followed using an Instron 4500 with a 1 kN load cell. Mixing procedure was the same as 
mentioned earlier. The paste was poured into a plastic mold up to a height of a minimum 
of 50 mm. In order to remove the air bubbles from the paste, the mold was tapped on the 
table. It was then covered with a moist paper towel and then a clear plastic wrap. Time 
interval at which the measurements were taken varied for different mixtures. As 
suggested by ASTM C403, the needles used for the penetration testing were of the cross 
sections 645 mm2, 323 mm2, 161 mm2, 65 mm2, 32 mm2, and 16 mm2 and the Instron was 
programmed to record the penetration resistance for a penetration depth of 25 mm in 10 
seconds. The choice of the needle being used was left at the user’s discretion. The 
penetration resistance was calculated by using Equation 1:  
 Stress = PA , (1)  
where P is the load in Newtons and A is the area of the needle being used. Here, the stress 
being calculated is the penetration resistance for a depth of penetration depth of 25 mm.  
3.4 ISOTHERMAL CALORIMETRY  
Isothermal conduction calorimeter (TAM Air) was used to monitor the evolution of heat 
during condensation of geopolymers for different molarities. Samples for isothermal 
calorimetry were prepared in the same way as before. However, only small amounts of 
the prepared mixture was used for the purpose of determining the rate of heat evolution 
and the total heat released due to the reaction. Data from the first 45 minutes is not 
considered in order to eliminate the temperature increases due to mixing and placing the 
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samples and to allow the samples to stabilize at 22°C. The heat evolution was monitored 
continuously for 7 days at 22°C. 
3.5 CHEMICAL SHRINKAGE 
Chemical shrinkage was estimated using a modified method from ASTM C1608. Instead 
of covering the paste with water, the paste was covered with the activator solution with 
the same pH as the activator solution used for mixing [21]. In order to quantify the 
chemical shrinkage, samples were poured into plastic vials up to a height of 2 mm. It was 
previously found that the height of the samples affects the results of chemical shrinkage 
[21] and hence, the height was kept constant for all the samples at about 2 mm or 2 g of 
the sample. In order to prepare the samples, 300 g of the total mix was mixed and two 
specimens were made from each mix. Figure 3.1 shows the setup for the chemical 
shrinkage measurement.  
 
Figure 3.1: Chemical shrinkage specimens. 
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3.6 AUTOGENOUS SHRINKAGE 
Autogenous shrinkage of geopolymers with various molarities was monitored by using 
both corrugated tubes and prisms which are stored in a sealed condition in order to avoid 
drying of the prisms.  
3.6.1 Corrugated Tube  
The corrugated tube tests were performed in accordance with ASTM C1698. The 
measurements were started when the mixes reached a particular penetration resistance 
of 10 MPa. Therefore, the time at which the measurements started varied for various 
molarities. A set of four samples were prepared for each of the samples in order to ensure 
repeatability of the test. Figure 3.2 shows the setup for using the corrugated tubes to 
measure the shrinkage in sealed condition.  
 
Figure 3.2: Setup for measuring shrinkage in sealed condition using corrugated tubes. 
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3.6.2 Shrinkage Prisms 
Prisms to monitor the autogenous shrinkage of the mixtures were made in accordance 
with ASTM C157. The prisms were demolded after 24 hours, wrapped in an aluminum 
foil and put in Ziploc bags, and stored in an environment controlled chamber. The linear 
shrinkage was monitored until it reached a constant value. Since, the measurements 
using the prisms could not be made before 24 hours, the early age shrinkage as 
determined by corrugated tubes and were added to the shrinkage measurements made 
by using the prisms. For measuring the drying shrinkage in geopolymers, the prisms 
were stored in sealed condition for 14 days and then the prisms were exposed to 50% 
relative humidity. 
3.7 COMPRESSIVE STRENGTH  
In order to monitor the strength development of the specimens, specimens of size 1in. by 
1in. by 1in. were made. Compressive strengths were monitored at 3, 7, 14, and 28 days. 
Compressive strength cubes were also cast to ensure the repeatability of mixes. For every 
mix, strength at 3 days were determined. These cubes after casting were covered with 
clear plastic wrap in order to avoid the loss of moisture from the specimens. The 
specimens were kept in a temperature controlled environment (22ºC) in sealed condition 
until testing.  
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4 RESULTS AND DISCUSSION 
4.1 PROCTOR PENETRATION RESISTANCE  
Proctor penetration tests were performed on geopolymer mixtures made with activator 
solutions of different molarities. Figure 4.1 shows the results for the proctor penetration 
for all the molarities and cement paste with a water to cement ratio of 0.35.  
With increase in molarity it was seen that there was an increase in the rate at which it set, 
this has been seen before by Hanjitsuwan et. al [27]. In another study on metakaolin by 
Palomo et. al. [28] with increase in the concentration of the activator, the degree of 
polymerization was reported to be reduced. This effect is more noticeable at ambient 
temperatures. At high pH, the molecular form is not the most stable form and anionic 
form of silica is preferred for reaction. They further reported that at a lower concentration 
of OH- the rate of polymerization is higher at early ages. Also, Palomo et. al. [28] state 
that at higher concentrations of the activator solution, the mobility of the ions reduces 
and this adds to the delay in forming a polymerized structure.  
In another study by Criado et. al. [25], they report that the presence of dimers do result 
in reduction in time required to start the gel-formation reaction and that the dissolution 
rate is higher. With increase in molarity, the polymerization reduces. When there are 
species with high Q-number in the solution, the products formed are stable and hence 
the structural reconstruction doesn’t take place to a great extent. When monomeric 
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species are present in the solution, the products are less stable and are more labile, thus 
allowing for a higher degree of polymerization and forming a denser product.  
Thus, the results can be explained with a combination of reduction in mobility of the ions 
with increase in the concentration of the activator solution [28] and also the formation of 
a denser product and allowing for a higher degree of polymerization [25].  
 
Figure 4.1: Results from proctor penetration tests for various mixes. 
4.2 ISOTHERMAL CALORIMETRY  
Isothermal calorimetry was performed on geopolymers made with variations in 
molarities in order to determine the rate of dissolution by observing the rate of heat 
evolution as well as the maximum heat released. Figure 4.2 shows the rate of heat 
evolution per gram of the mix for the various molarities. Figure 4.3 shows the total heat 
released per gram of mix for various molarities. Figure 4.4 shows the rate of heat at early 
ages. In order to disregard the effects of friction and the fact that it was mixed outside 
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and then poured into the glass vials, the initial 45 minutes of the heat evolution as well 
as the total heat released is removed.  
It can be seen that Molarity 4 shows a higher rate of release of heat initially but the rate 
slows down considerably. Molarity 10 shows the least rate of heat evolution initially but 
rate remains the highest after the initial peak. In a study on isothermal calorimetry by 
Chithiraputhiran et. al. [24], showed that with higher alkalinity, the total cumulative heat 
released is lower until the initial 24 hours but increases after the initial period and this 
was attributed to the higher silicate in the solution and higher setting rates. Since the 
further reactions are diffusion controlled, it causes very little change in the further heat 
evolution peaks.  
In the present study, although there hasn’t been an increase in the silicate content in the 
activator solution, the higher molarity mixes did set slower than the lower molarity mixes 
which could be because of the slow densification of the higher molarity mixes [25] and 
hence, the rate of heat evolution is lower as compared to the mix M4 or even M6.  
In the Figure 4.4, which is a plot showing the initial reaction period, we can see that 
initially the rate of heat evolution is higher for the low molarity mixes. Although it 
doesn’t quite follow the order M4, M6, M8 followed by M10, as the reaction progresses, 
the rate of heat evolution increases with increasing molarity. This can probably be 
explained by the fact that the higher molarity mixes took a longer time to reach the same 
degree of strength as can be seen by proctor results in Section 4.1.  
30 
 
 Figure 4.2: Rate of heat evolution for all the mixes. 
 
 
Figure 4.3: Total heat released for various molarities. 
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 Figure 4.4: Initial portion for rate of heat evolution for different molarities. 
4.3 SHRINKAGE RESULTS  
4.3.1 Autogenous Shrinkage 
Autogenous shrinkage has been quantified using two different methods, very early 
autogenous shrinkage measurements are quantified using corrugated tube test (ASTM C 
1698). There is very limited information on shrinkage of geopolymers. Previous studies 
by Zheng [4] and Ridtirud et. al. [29] have made an effort to understand the factors that 
affect the shrinkage of geopolymers. Both these studies focused on the drying shrinkage 
of geopolymers and the current study focuses on quantifying the autogenous shrinkage 
of geopolymers. In both the studies, the shrinkage was attributed to the low strength gain 
of the mixes but in the present study it can be seen that the mix which showed the slowest 
strength development showed the least shrinkage, this may be in part due to the 
difference in the kind of shrinkage that is being measured. In drying shrinkage, the 
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movement of water through the capillary structure causes stresses which in turn results 
in volume change of the specimen. Whereas, while the autogenous shrinkage is being 
measured, the movement of water in and out of the system is not of much significance 
because the specimens are in sealed condition. Furthermore, the change in the weight of 
the specimens were measured and they were less than 1 gram for the duration of the 
testing as compared to 50 grams within 3 days of exposing to drying conditions, the 
results for drying shrinkage measurements can be seen in section 4.3.3.  
Autogenous shrinkage is a combination of chemical shrinkage in the fluid state and self 
dessication [7].  
4.3.1.1 Corrugated Tube Tests  
In order to quantify the autogenous shrinkage under ambient curing conditions, the first 
step was to make sure that the results were repeatable. In order to ensure that the tests 
were repeatable, four corrugated tubes in total were made from two different batches. 
Figure 4.5 shows the results for two corrugated tubes from one mix for M10.  Figure 4.6 
shows the average shrinkage measured for mixes M4 through M10 and cement paste with 
water to cement ratio of 0.35. The data for cement paste was found to be comparable with 
the results found in literature [30].    
The start time for the tests varied based on the proctor penetration data that is presented 
in section 4.1. The test was started when the specimens reached a penetration resistance 
of 10 MPa.  
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 Figure 4.5: Repeatability of the tests. 
From the Figure 4.6, it can be seen that M6 and M4 show similar shrinkage even though 
M4 reaches 10 MPa proctor penetration sooner as compared to that of M6. M8 and M10 
show similar shrinkage behavior as well. Cement paste with 0.35 water to cement ratio 
shows comparable shrinkage with M8 and M10.  
The initial shrinkage measurements are dependent heavily on the reaction rates. M4 gains 
strength very fast and this may be due to the higher degree of polymerization early on as 
compared to M10.  
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 Figure 4.6: Corrugated tube test for all the mixes. 
4.3.1.2 Prisms in Sealed Conditions 
It was ensured that the data from the shrinkage measurements using the prisms in sealed 
conditions was repeatable by preparing six specimens in total for each of the variation in 
molarity, three specimens were made from one batch. Figure 4.7 shows the data plotted 
for all 6 prisms for M10. The maximum variation seen is about 200 microstrains. Figure 
4.8 shows the variation in shrinkage measurements with respect to different molarities, 
that is, mixes M4 through M10.  
M4 and M6 show shrinkage similar to each other while M8 and M10 show similar levels 
of shrinkage. All the geopolymer mixes show higher autogenous shrinkage as compared 
to the cement paste with water to cement ratio of 0.35.  
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 Figure 4.7: Repeatability of the data from the prisms in sealed conditions. 
 
 
Figure 4.8: Shrinkage of all the mixes. 
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4.3.2 Chemical Shrinkage 
Chemical shrinkage is essentially the change in the volume of the product as compared 
to that of the reactants. Chemical shrinkage may not be reflected in the autogenous 
shrinkage measurements, which is a macroscopic measurement of the reduction in the 
length of the specimen because chemical shrinkage is a very minute part of autogenous 
shrinkage. The magnitude of autogenous shrinkage can be compared to that drying 
shrinkage [18].  
The chemical shrinkage was measured using the volumetric method. Figure 4.9 shows 
the repeatability of the chemical shrinkage. From this data, it cannot be concluded that 
there is an increase in the product formed as the molarity increases. Although M10 does 
show an increase in the chemical shrinkage measured continuously, and it does show the 
highest chemical shrinkage amongst the specimens, the experiments have to be repeated 
with a more precise capillary tube in order to measure the change in volume of the pastes.  
The chemical shrinkage measured for cement paste relates closely to that of published 
values [19]. 
Also, since it is expected that the mixes with high molarity show higher degree of 
densification, it is expected that they show a higher degree of chemical shrinkage and the 
results do not follow this trend.  
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 Figure 4.9: Repeatability of the chemical shrinkage measurements. 
 
 
Figure 4.10: Chemical shrinkage of all mixes. 
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4.3.3 Drying Shrinkage 
It was previously studied that the number of days the samples are bagged influences the 
drying shrinkage that is measured [4]. Drying shrinkage and effects of variation in 
various mix parameters on mortar specimens are also evaluated in a study by Ridtirud 
et.al. [29].   
Figure 13 shows the average drying shrinkage for M8, M10 and cement pastes samples 
when they are exposed to drying conditions after 14 days as well as their mass loss 
percentages. It can be seen from the Figure 13 that exposure to drying conditions 
increased the shrinkage by more than double and that was accompanied by a mass loss 
of about 13%. This shrinkage was probably due to the stress on the capillary pores due to 
the movement of water. It can also be seen that the mass loss and the shrinkage of cement 
pastes are comparatively lower as compared to the geopolymers, this may be because the 
microstructure of the cement paste may be very well developed as compared to that of 
the geopolymer and thus can withstand the tension. Also, it is known that the capillary 
porosity is much finer in the geopolymers as compared to that of cement pastes which 
causes higher tensile stresses in the pores. This may be a reason for the higher drying 
shrinkage in the geopolymer pastes.  
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 Figure 4.11: Drying shrinkage for M8 and M10. 
Specimens for all the variations in molarities were not cast because of difficulty in casting 
the shrinkage prisms. They were cracking and the studs did not bond well with the 
geopolymer pastes.  
4.4 COMPRESSIVE STRENGTH  
For all the mixes, compressive strength was tested on cubes of size 1 in. by 1in. by 1 in. 
These were tested at 3 days, 7 days, 14 days and 28 days. Table 4.1 gives the data with 
deviation for each of the mixes. It can be seen that the initial strength gain is high for the 
lower molarity mixes, especially for M4 and M6. Up to 7 days M4 shows the highest 
strength characteristic but at 14 days, mixes M8 and M10 show higher strengths. Thus, 
the later age strength gain characteristics are better for higher molarity mixes.  
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The low early age strength can be attributed to the low mobility of the ions in the higher 
molarity mixes and slow condensation reactions. Since the higher molarity mixes allow 
for higher densification, it is expected that they show higher strengths at later ages.  
Table 4.1: Compressive strengths for all the mixes. 
Days M4 M6 M8 M10 
3 7.44 ± 0.31 7.33 ± 0.41 5.66 ± 0.53 4.18 ± 0.47 
7 9.63 ± 0.74 7.91 ± 0.28 9.07 ± 0.37 7.91 ± 0.30 
14 13.34 ± 0.42 12.08 ± 0.34 14.89 ± 0.51 15.00 ± 0.45 
28 18.01 ± 1.33 19.79 ± 1.91 26.07 ± 2.76 26.22 ± 2.32 
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5 SUMMARY, CONCLUSIONS, AND FUTURE WORK  
Based on the various tests that were carried out, it can be concluded that the degree of 
reaction of the geopolymer in the initial stages plays a very important role in the 
shrinkage measurements and also the exposure conditions play a very important role in 
the drying shrinkage measurements. From proctor we see that with increase in molarity 
the setting time increases. The autogenous shrinkage measured was very similar for 
mixes M4, M6 and similarly for mixes M8 and M10. The chemical shrinkage 
measurements need to be repeated in order to have enough confidence in the results since 
the results were a little counter intuitive. The compressive strength data indicates that the 
product is denser for higher molarities at higher ages since the mobility and stability of 
the ions is low at higher molarities.  
From the isothermal calorimetric studies it can be seen that the initial dissolution rate is 
higher for M4 as compared to M10 although the rate of heat evolution remains higher for 
the higher molarity as compared to the lower one.  
Further investigations on influence of various parameters on the autogenous shrinkage 
of geopolymers can be carried out. A better method to quantify the chemical shrinkage 
of geopolymers needs to be developed.  
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